The oxidation of n-alkanes (C 1 -C 7 ) has been studied with and without the effects of a nanosecond, nonequilibrium plasma discharge at 1 atm pressure from 420 to 1250 K. Experiments have been performed under nearly isothermal conditions in a flow reactor, where reactive mixtures are diluted in Ar to minimize temperature changes from chemical reactions. Sample extraction performed at the exit of the reactor captures product and intermediate species and stores them in a multi-position valve for subsequent identification and quantification using gas chromatography. By fixing the flow rate in the reactor and varying the temperature, reactivity maps for the oxidation of fuels are achieved. Considering all the fuels studied, fuel consumption under the effects of the plasma is shown to have been enhanced significantly, particularly for the low-temperature regime (T < 800 K). In fact, multiple transitions in the rates of fuel consumption are observed depending on fuel with the emergence of a negative-temperature-coefficient regime. For all fuels, the temperature for the transition into the high-temperature chemistry is lowered as a consequence of the plasma being able to increase the rate of fuel consumption. Using a phenomenological interpretation of the intermediate species formed, it can be shown that the active particles produced from the plasma enhance alkyl radical formation at all temperatures and enable low-temperature chain branching for fuels C 3 and greater. The significance of this result demonstrates that the plasma provides an opportunity for low-temperature chain branching to occur at reduced pressures, which is typically observed at elevated pressures in thermal induced systems.
Introduction
The improvement and enhancement of combustion processes by non-equilibrium plasmas is well known and has been extensively demonstrated in recent years. The practical implications of plasma-assisted combustion (PAC) added to existing combustion systems are numerous, with evidence supporting increased efficiency, reduced emissions and improved combustion stability [1] . This technique also strengthens the efficacy of next-generation engines, which are expected to operate beyond the limits of normal flammability, often at higher pressures, lower temperatures and leaner conditions [2, 3] . PAC has proven the potential to improve the future design of several advanced combustion system, including pulse-detonation engines, homogeneous charge compression-ignition (HCCI) engines and even hypersonic propulsion systems. A comprehensive review of the most notable studies regarding PAC can be found in [3] .
For the most part, the indicative feature that plasmas offer is their ability to induce the formation of 'active' particles, such as free radicals, and both excited and charged molecules, all of which can play a role in enhancing the reactivity of a given mixture [1, 3] . The study of PAC has become a global research initiative, where considerable efforts have been made to develop new techniques with varying diagnostic approaches to study the chemical interactions between plasma effects and the basic combustion phenomena. Despite earnest efforts, the underlying kinetic enhancement mechanism still remains largely unknown and highly debated. This can be attributed to the vastly different characteristics of the chemistry at play. For instance, the plasma chemistry contributing to these enhancements happens at very small time scales (approx. nanoseconds) at relatively low temperatures, whereas the combustion chemistry normally occurs at higher temperatures and at larger time scales (approx. micro-and milliseconds) [2] . The major consensus is that the primary process in PAC involves the reaction of the long-lived plasma species with fuel and oxidizer at low temperatures. This consequently links the fast plasma chemistry with the high-temperature combustion chemistry [2] . Up until now, this assertion has proved valid for chemical systems close to the 'self-ignition' threshold (T > 800 K) and for simple fuels (i.e. hydrogen and hydrocarbons smaller than propane).
Mechanistic data provided by past investigations into the kinetics of PAC for alkane oxidation [4] [5] [6] [7] [8] [9] [10] [11] [12] have been constrained by the operating limits of a given experiment. For example, a series of papers have been published combining both experimental and numerical results using the shock-tube technique (T = 880-1970 K and P = 0.2-2.2 atm) [6] [7] [8] [9] and more recently using a rapid-compression machine (T = 665-960 K and P = 7.5-15 atm) [10, 11] . In both these instances, the plasma is initiated by a spatially uniform, high-voltage, nanosecond-duration discharge, as will be the plasma in this study, as it has been proven to be the most efficient method of sustaining highly non-equilibrium plasmas [4] [5] [6] [7] [8] [9] [10] [11] [12] . Combined, the two studies demonstrated reduced ignition delays with the discharge for a range of fuels including H 2 and hydrocarbons from CH 4 up to C 5 H 12 , all highly diluted in Ar or N 2 . Through numerical simulations, it was concluded that the enhancement of the radical pools was the main mechanism in driving the hightemperature chain-branching processes (i.e. H + O 2 = OH + O) to initiate ignition. The role of such processes is dependent on fuel and system conditions, and because the experiments typically observed substantial heat generation and large temperature gradients, other processes that couple the heat release to the chemistry could have been important. The authors acknowledged that full elucidation of the kinetics was difficult owing to the lack of data on the dominant intermediate species formed, limited by the in situ measurement techniques employed.
For practical purposes, studying alkane PAC is important due to their high concentrations in practical fuels for use in reciprocating engines and gas turbines [7] , but it is also an important step in extending the overall mechanistic framework. The general mechanism of alkane combustion has been widely discussed in the literature and is considered readily understood for a wide range of conditions. An example of such is the mechanism given by Metcalfe et al. [13] . Unlike simple hydrocarbon fuels, propane and larger alkanes show a range of activity depending on temperature and pressure. The classical definition of oxidation chemistry regimes can be defined in terms of the main chain-branching processes [14] . As already mentioned, the 'high'-temperature limit is defined by the branching of H + O 2 = OH + O. The lower-temperature chemistry is centred around the reversible R + O 2 = RO 2 reaction (R being an alkyl radical). At 'low' temperatures (T < 700 K), equilibrium favours the products where alkylperoxy radicals (RO 2 ) undergo significant isomerization and act as a degenerate branching agent to enhance the rate of oxidation. At 'intermediate' temperatures (700 < T < 900 K), alkyl radicals are favoured thermodynamically, which eventually leads to hydroperoxy radical (HO 2 ) formation and/or β-scission to form smaller olefinic hydrocarbons. However, the formation of such intermediates act as H-atom sinks due to their relative inertness in this region, and consequently terminates the radical chains and slows the reaction. This decrease in reaction rate with increase in temperature is a unique feature of alkane oxidation known as the negative-temperature-coefficient (NTC) regime. This region gives rise to the cool-flame phenomena, a subdued ignition process that leads to partial oxidation and moderate heat release. The most current review of the work on low-temperature combustion chemistry can be found in Zádor et al. [15] .
The focus of this study is to demonstrate phenomenologically the oxidative characteristics of alkane fuels under nanosecond-duration plasma discharges. Experiments are performed in a plasma flow reactor (PFR) at 1 atm pressure over a temperature range of 420-1250 K using mixtures diluted in Ar. The results provide intermediate and product species as a function of temperature and elucidate the main kinetic enhancing features of both the plasma and thermal reactions at conditions not previously studied.
Experimental set-up
In order to facilitate the fuel oxidation kinetic studies below the self-ignition temperature with plasma discharges, a variable-temperature and variable-pressure PFR experiment was designed similar to that of Rasmussen et al. [16] . The flow reactor (figure 1) consists of a two-component modular design: the inner plasma discharge reactor assembly and the outer enclosure assembly. The gas-phase reaction takes place in a fused-quartz reactor (1524 mm length), consisting of circular (I.D. 7 mm × O.D. 9.5 mm) and rectangular (I.D. 7 mm × I.D. 9 mm × 1.3 mm thickness) tube sections. Two rectangular copper electrodes (12.7 mm × 50.8 mm × 1.6 mm thickness) held in place by a ceramic housing (see inset image in figure 1 ) are mounted on the top and bottom surfaces of the rectangular quartz tubing. Between the contact surfaces of the electrodes and quartz tubing, ceramic sheaths (1 mm thick) are inserted to minimize corona discharges, but also to facilitate a nearly uniform volume-filling plasma discharge within the reactor. The entire reactor is placed inside a circular (I.D. 52 mm × O.D. 58 mm × 1219 mm length) quartz tube, which acts as a protective enclosure to isolate the plasma cell from the surroundings. This allows N 2 to be purged over the outside surface of the reactor to obtain an oxygen-free environment, such that electrode erosion can be minimized at high temperatures. The PFR is incorporated into a larger experimental facility with appropriate auxiliary equipment. Heating of the reactant mixture is achieved by placing the PFR into a tube furnace (Lindberg/Blue, Model HTF5500, 7315.2 mm long heated section), where three individually controlled electric heating elements produce an isothermal reaction zone with steep temperature gradients towards the inlet and outlet of the reactor. Examples of steady-state measured temperature profiles using a thermocouple (Omega, KMTSS-062G-72) are shown in figure 2 (maximum achievable isothermal temperature is 1250 K). The electrode feedthroughs provide a terminal connection to connect a high-voltage nanosecond-duration pulser (provided by the Ohio State University), capable of producing a plasma discharge in the reactor cell at 1-40 kHz Three reactant gases are premixed before entering the reactor. To ensure sufficient mixing, the fuel and oxidizer are fed into the carrier gas stream (Ar, argon) by two impinging jet streams. For all the reactive mixtures studied, a high degree of dilution (Ar mole fraction >0.99) was used to suppress any temperature gradients and heat release, thus eliminating their effects on altering the chemical reactions. The flow rates are regulated by analogue mass flow controllers (MKS, M100B), accurate to within ±1.5% of full scale. The maximum flow rates for fuel, oxidizer and carrier gas are 1 slpm (standard litres per minute), 20 sccm (standard cubic centimetres per minute) and 5 slpm, respectively. All gases used during the experiment had purities greater than 99.9% (GTS-Welco), where reactant fuels were provided as calibration standards diluted in Ar (approx. 2000 ppm C x H y balanced in argon, GTS-Welco, ±2% accuracy). The gas mixture is quenched and exhausted from the reactor through 6.4 mm Teflon tubing, attached by Cajon vacuum connectors that define the inlet and outlet of the reactor.
Attached to the exit of the reactor, a multi-position valve can be actuated to capture and store up to 15 gaseous samples into stainless-steel storage loops (VICI Valco Inc., 10 ml volume). Analysis of stored samples is then performed offline by a gas chromatograph (GC; Agilent Technologies, 7890A) equipped with a methanation catalyst and a flame ionization detector (FID). The GC is capable of eluting hydrocarbons C 1 -C 7 , both paraffins and olefins, and oxygenated compounds by passing the analytes through a gas-to-solid column (Agilent Technologies, J&W HP-PLOT Q, 30 m length, 0.535 mm diameter and 40 μm film thickness) using He as the carrier gas. Favourable chromatographic separation of a sample's species composition is achieved by prescribing a GC column temperature profile from 223 to 523 K. Subsequent species identification and quantification are then determined by comparing the retention time and chromatogram signal area of the eluted species against known calibration standard mixtures (Scott Specialty Gases) for the same chromatographic conditions. For analysis of calibration samples that are liquid at ambient conditions, gas-phase samples are prepared by pre-vaporizing the liquid into gas sampling bulbs and diluting them with Ar. The mole fractions of such samples are determined by the effective carbon number (ECN) method, where samples composed of the same chemical functional groups will have the same FID signal response per carbon atom as a reference component, namely methane [17, 18] . The total carbon concentration for a typical experiment was conserved to within ±10% of the specified input. The overall relative uncertainty of the GC-FID quantification measurements is ±5% for hydrocarbons C 1 -C 7 and ±2% for CO and CO 2 .
In this study, the experiments were performed by continually flowing the reactive mixtures through the reactor at a total constant flow rate of 1 slpm (calibrated at 298 K and 1 atm) upstream of the reactor, while varying the reactor isothermal temperature from 420 to 1250 K at 1 atm pressure. Typical residence times within the reaction zone of the reactor are 1.22-0.41 s, with the plasma discharge accounting for 11% of the residence time (0.13-0.04 s). To ensure the kinetic data were comparable among the different fuel systems, a constant carbon (approx. 1600 ppm) and O 2 (approx. 3000 ppm) loading strategy was maintained. The plasma discharge parameters were kept constant as well, by applying a 10 kV pulse at a 1 kHz repetition rate. At these experimental conditions, the plasma uniformity within the PFR has been examined using singleand multi-shot broadband emission studies. For T > 620 K, the single-shot images reveal that the plasma remains quite diffuse and uniform. The analysis also reveals that, at temperatures lower than 620 K, single-shot images of the plasma display notable filamentation. However, time averaging images in accordance with the residence time of the reactive mixture through the reactor displays a more homogeneous plasma [19] . Both the energy coupling and the breakdown characteristics of a nanosecond-pulsed dielectric barrier discharge (DBD) in a plane-to-plane geometry have been rigorously modelled and studied by Adamovich et al. [20, 21] . Two main conclusions derived from these studies and their influences on this study are summarized here. First, coupled energy (dependent on the magnitude of the voltage pulse and frequency rate) from the plasma discharge is proportional to number density. For experiments maintaining a constant pressure and increasing temperature, coupled energy effectively decreases, but the coupled energy per molecule remains nearly constant for the entire temperature regime considered. Here, this metric takes precedence and ultimately dictates the manner in which the experiments are 
of energy deposition and hence governs the method of active particle production. In actuality however, for a given voltage waveform, E/N can change temporally, achieving peak value before breakdown and reducing significantly once the plasma is sustained. Accurately controlling and determining E/N experimentally is not trivial and requires a comprehensive numerical model to characterize its dynamic behaviour. Details of such calculations are outside the scope of this work but will be included with comprehensive modelling of the plasmaassisted kinetics in a future paper. As a reference, in a highly dilute system with X(Ar) > 0.99, characteristic values of E/N range from 80 to 120 Td (townsend, 1 Td = 10 −17 V cm 2 ), with the discharge providing on average 5.3 meV/molecule of coupled energy, which deviates less than ±30% for all temperatures considered. If the energy deposited by the plasma is compared to that provided by the thermal energy of the furnace, it accounts for less than 10% of the total energy deposition (47-93 meV/molecule) into the reactive mixture for a given temperature (see [22] for details).
Results and discussion (a) Oxidation trends of various alkane fuels
A comparison of the normalized fuel consumption profiles for different fuels with respect to temperature is shown in figure 3 . Figure 3a presents the results of the thermal reaction (without plasma), and figure 3b those with the application of a plasma discharge. The normalized major product species profiles of combined carbon monoxide and carbon dioxide [CO + CO 2 ] and ethylene [C 2 H 4 ] are shown in figures 4 and 5. In all instances for both the thermal and the plasma-assisted experiments, these were consistently the dominant products formed over the temperature regime considered. Some qualitative observations from these results are as follows:
(i) Without the plasma, the onset of fuel consumption occurs at T > 900 K. The order in which ignition occurs is consistent with available shock-tube and flow reactor data [23, 24] for similar conditions. The anomalously early ignition of ethane (C 2 H 6 ) is also consistent, attributed to its high branching factor compared with the other fuels [24] (figure 3a). (ii) For each system, the effect of the plasma enhances the low-temperature decomposition of the fuel. Also the temperature at which complete consumption of fuel occurs has been lowered (the temperature for the onset of high-temperature ignition). For a particular fuel, at least two distinct consumption rates can be observed in the profiles. For C 2 and smaller fuels, the rate of consumption is slow and then transitions to a faster rate at temperatures greater than 900 K. For C 3 and larger fuels, the opposite occurs, initially a fast then slow reaction is observed, where the transition in reaction rate is observed between 600 and 700 K (figure 3b). (iii) For T < 960 K, the plasma has a relatively constant effect on the formation of [CO + CO 2 ].
Between 670 and 870 K, an NTC regime appears indicating a change in chain branching for fuels larger than C 2 . oxidizing the system at conditions where the pure thermal effect could not (T > 1100 K; figure 4 ). (v) With the exception of CH 4 , all the fuels appear to form similar amounts of C 2 H 4 , from 420 K until the temperature at which C 2 H 4 consumption exceeds its formation. C 2 H 4 as a major product species of alkane oxidation is expected and is consistent with the known understanding of alkane oxidation schemes [25] (figure 5).
The reader should keep in mind that individual experimental data points effectively display the extent of reaction for a particular species at a given temperature. Thus, the transition in gradient profiles for fuel consumption can be interpreted as a change from a slow, steady reaction to a fast, branched chain reaction. It is obvious that the plasma facilitates the consumption of fuel at lower temperatures, suggesting that O-atom attack and the production of OH and H are likely being enhanced. Before any appreciable thermal effect (T < 900 K), the plasma induces a constant effect at a given temperature since the [CO + the fuel. Low-temperature CO formation is particularly advantageous as it provides early heat release to aid the oxidation process. As the size of the fuel increases, it should be expected that the number of steps (or the number of intermediates formed) in the kinetic routes leading to oxidation should increase proportionally. However, the nearly proportional amounts of [CO + CO 2 ] and [C 2 H 4 ] being formed, and varying degrees of RH consumption, suggest that secondary kinetic effects are leading to the enhancement of fuel consumption of fuels of increasing size. The slow reaction experienced by CH 4 and C 2 H 6 is wholly attributed to plasma reactions, considering that thermal effects were not observed until 900 K. By 850 K for C 2 H 6 , and 1120 K for CH 4 , the plasma has enhanced the H-radical pool to such an extent that high-temperature branching reactions have accelerated the rate of fuel consumption by way of OH. This demonstrates the plasma's ability to instigate the high-temperature chemistry at lower temperatures or within the 'self-ignition' threshold and is consistent with analysis of Kosarev et al. [7] considering the same fuels. From the discussion in §1, the increase in the R-radical concentration is expected to have a greater effect on the low-temperature fuel consumption rates of the higher-order hydrocarbons. This is evident since more than 50% fuel conversion is achieved by 700 K, whereas 50% conversion was not achieved until 800 K for C 2 H 6 and 1120 K for CH 4 . Moreover, the enhancement of fuel consumption for increase in fuel size is also consistent with the work of Wu et al. [26] , which relates this behaviour to the increase in reaction rate of RH + OH = R + H 2 O for larger hydrocarbons. By 700 K, the rates of fuel consumption begin to slow down, which is also supported by the fact that an NTC region appears in the CO profile in the same temperature region. This inhibition can most probably be attributed to the formation of HO 2 and its presence can also explain the minimal conversion of CO into CO 2 . The lack of CO 2 formation could also be explained by considering the preferential role of OH attack on RH over CO. The fact that the temperature at which the turnover for the NTC occurs is lower for increasing fuel size is consistent with equilibrium calculations when considering different R radicals. This is known as the 'ceiling temperature' where
(b) Phenomenological analysis of plasma-assisted combustion kinetics of propane/butane
The thermal and plasma-assisted (at 1 atm) fuel consumption profiles are compared to the work of Koert et al. [27] for propane oxidation using a high-pressure flow reactor at 10 atm (figure 6). Fuel consumption below 800 K under the effects of the thermal reaction does not occur until elevated pressures owing to difficulties in forming the alkyl radical, and when initiated an NTC regime emerges between 740 and 770 K. Considering that the rate of fuel consumption actually slows down in the same vicinity (vertical dashed lines) for the plasma results, it can also be inferred that the kinetics responsible for the NTC behaviour are being reproduced in the context of the plasma, albeit at considerably lower pressures. In a thermal system, the initial consumption of fuel is most probably through unimolecular dissociation (C 3 H 8 + M = CH 3 + C 2 H 5 + M [13] ) or H-atom abstraction (C 3 H 8 + O 2 = C 3 H 7 + HO 2 [13] ), requiring sufficient kinetic energy (i.e. higher pressures) to overcome the high barrier to initiate these reactions [25] . However, in the presence of the plasma, the system is no longer constrained by such energy-intensive processes, but rather electron-impact reactions enhance molecular dissociation. Two such examples are direct electron impact (C 3 H 8 + e = C 3 H 7 + H + e) and collisional quenching with excited states (Ar * + C 3 H 8 = Ar + C 3 H 7 + H, where Ar* is a metastable electronically excited state of Ar formed via an electronic collision) [7] . The same processes can also be considered for O 2 the added benefit that electronically excited states can also be readily formed (i.e. O 2 (a 1 g ), O 2 (b 1 Σ g ) [1, 3] ). Reactions involving such excited states can be significantly faster than their ground-state counterparts at lower-than-normal combustion temperatures [1] . Note that, below the self-ignition temperature, O-atom formation is essentially non-existent through thermal reaction routes. From here on, it is expected that the radical reservoirs of both propyl radicals (i-C 3 H 7 and n-C 3 H 7 ) and O atoms (i.e. Ar * + O 2 = Ar + O + O) have enhanced considerably in the plasma-assisted experiments. The focus of the remaining discussion leans towards uncovering secondary kinetic chain-branching processes that enhance oxidation. Figure 7 shows the reactivity plot of the measured product species of plasma-assisted propane oxidation. Firstly, chain branching through the O-atom attack route is most probably enhanced, providing a highly reactive OH radical (C 3 H 8 + O = C 3 H 7 + OH) [28] . The second route is through the propyl radical, where O 2 addition can form a propylperoxy radical (C 3 H 7 + O 2 = C 3 H 7 OO). The current understanding of this reaction is that it proceeds through a barrierless pathway where its equilibrium constant is highly temperature-dependent and favours RO 2 at lower temperatures (T < 700 K) [29] . At increasingly higher pressures, the effectiveness of this reaction increases as the collisional stabilization of RO 2 increases [30] . The intricacies of this type of reaction are quite complex and have been theoretically studied in general for alkyl radicals [29] , with few experimental and theoretical studies examining the propyl + O 2 system specifically [31] [32] [33] . From here, the propylperoxy radical undergoes an intermolecular isomerization process, where the terminal O atom approaches an extractable H atom to form a cyclic transition state. The rate of isomerization can be influenced by several factors, including not only the relative size and structure of the original fuel molecule, the location of the O 2 group, and the number of atoms in the transition state ring, but also the type of C-H bond broken [34] . Knowing this, the number of possible isomerizations of propylperoxy results in three distinct hydroperoxyalkyl isomers, QOOH (C 3 H 6 OOH). The fate of QOOH can follow several different pathways, all of which can have an effect on the chain propagation rate of the system (figure 8). The first possibility is to decompose into HO 2 and a conjugate alkene (C 3 H 6 ) by way of β-scission, effectively a terminating step. The second is a chain-propagating step where scission of the O-O bond in the 1-hydroperoxy-1-propyl forms propanal (CH 3 CH 2 CHO) or acetone (CH 3 COCH 3 ) and OH. The emergence of CH 3 CH 2 CHO, CH 3 COCH 3 , propene (C 3 H 6 ) and C 2 H 4 below 700 K in the experimental results is consistent with this scheme and the experimental results of Koert et al. [27] , suggesting that low-temperature chain propagation is taking part in the presence of the plasma. Furthermore, it is also possible for a second O 2 to add to QOOH, creating hydroperoxy-alkylperoxy radical OOQOOH (OOC 3 via an internal H-atom abstraction and decompose into a stable ketohydroperoxide (OQ −H OOH) and OH [15, [31] [32] [33] . The ketohydroperoxide acts as a degenerate branching agent, which can decompose into at least two radical species (i.e. OC 3 H 5 OOH = CH 3 CHO + HCO + OH [13] ). The experimental results do show considerable acetaldehyde (CH 3 CHO) formation below 700 K and the formation of HCO could explain the low-temperature route for CO formation. In addition, because of O-atom formation from the plasma, radical-radical reactions could also contribute to CH 3 CHO formation (i.e. C 3 H 7 + O = CH 3 CHO + CH 3 [13] ), whereas the CH 3 would explain the formation of C 4 products by way of recombination reactions and of CH 4 by H-atom abstraction. The relative contribution of either reaction is unknown at this point. The above discussion emphasizes the current understanding of RO 2 kinetics, which favours the isomerization route (forming QOOH) [15] . However, it should be noted that earlier studies have suggested that for small alkyl radicals (such as C 3 H 7 ) an alternative route exists where the RO 2 reacts with the initial fuel molecule (RH) to form an alkylhydroperoxide ROOH (i.e. C 3 H 7 O 2 + C 3 H 8 = C 3 H 7 OOH + C 3 H 7 ) and subsequently decomposes to form a reactive OH radical (i.e. C 3 H 7 OOH + M = C 3 H 7 O + OH + M) [35] .
As temperature increases (T > 700 K), RO 2 decomposition becomes favoured and the route to forming oxygenated species decreases (signifying the decrease in chain propagation/branching). can be experimentally derived based on these studies. Referring to figure 6, for T > 750 K, the consumption of fuels actually continues in the presence of the plasma, unlike the thermal system, where fuel consumption begins to decrease for the same temperature region. By 800 K, the chain branching induced by the plasma through O-atom attack is probably dominating the system and enhancement of fuel consumption resumes. As the temperature continues to increase (T > 1000 K), the thermal effects of the reaction dominate, and it is expected that the high-temperature chain branching accelerates the fuel consumption once again. The application of the RO 2 kinetic scheme is quite consistent among the alkane fuels. In figure 9 , the plasma-assisted butane oxidation results are presented for 1 atm. The thermal oxidation of butane within the NTC regime for elevated pressures has been studied both experimentally and numerically in the past [36] [37] [38] [39] [40] . Comparison of product and intermediate species formation from these investigations to this work shows constancy, namely with the formation of CH 3 CHO, CH 3 CH 2 CHO and butanone (CH 3 CH 2 COCH 3 ). With an understanding of the scheme, one can interpret the pathways that potentially derive these oxygenated species and promote low-temperature chain branching. Unique to the effects of low-temperature plasmas, radical-radical recombination reactions become apparent again, where hydrocarbon growth is observed, resulting in the formation of pentene (C 5 H 10 ) and hexene (C 6 H 12 ).
Conclusion
Using a PFR, plasma-assisted oxidation of alkane fuels was studied under very dilute conditions. Product species concentrations as a result of the plasma perturbation were measured as a function of temperature at 1 atm pressure. For all fuels, the rate of fuel consumption increased across the temperature domain compared with the thermal reactions. In addition, depending on the fuel, transitions in the rates of fuel consumption are observed at different temperatures. For all fuels, high-temperature chain branching is initiated at lower temperatures. For fuels C 3 and larger, fuels experience multiple transitions in overall reaction rates, particularly at lower temperatures (T < 800 K). Using propane and butane as examples, low-temperature chain branching is postulated based on a phenomological interpretation of the formation of product species indicating the presence of negative-temperature-coefficient behavioural chemistry at lower pressures. In PAC applicable systems, these results suggest that different strategies can be implemented to enhance combustion based on specific fuels, and different temperatures and pressures. This has particular relevance in compression-ignition and pulse-detonation engines, which would benefit from lowtemperature chemistry enhancement to initiate early ignition. Furthermore, the experimental data provide a database for any future modelling studies.
